A b s t r a c t -S e v e r a l n o v e l r e a c t i o n s c a t a l y z e d by i r i d i u m pentah y d r i d e complex(11 a r e described, ComFlex 1 can c a t a l y z e t h e hydrogen t r a n s f e r r e a c t i o n normally and can c a t a l y z e t h e dehydrogenation of secondary a l c o h o l s in t h e absence of a hydrogen a c c e p t o r t o g i v e ketones i n high y i e l d , P i n a n e i s converted t o p-pinene c a t a l y z e d by c m p l e x 1 as a f i r s t t r i a l t o o b t a i n t h e u s e f u l o r g a n i c compound by t h g a c t i v a t i o n and f u n c t i o n a l i z a t i o n of a s a t u r a t e d hydrocarbon. The i r i d i u m pentahydride complex c a t a l y z e d formation of C-C bond by C-H bond a c t i v a t i o n followed by o l e f i n i n s e r t i o n is observed f o r t h e f i r s t time.
INTRODUCTION
The chemistry of t r a n s i t i o n m e t a l p l y h y d r i d e complexes i s an a r e a of c u r r e n t interest. In g e n e r a l , t h e s e polyhydride complexes a r e n o t e s p e c i a l l y r e a c t i v e o r u s e f u l as o r g a n o m e t a l l i c r e a g e n t s o r c a t a l y s t s ( r e f . 1 ) . The r e c e n t developnents i n t h e coordination chemistry of molecular hydrogen
opens a new epoch in t h i s f i e l d ( r e f . 21. It w a s observed t h a t t h e r e is an equilibrium between t h e metal-dihydrogen and -hydride s p e c i e s ( r e f . 3 , 4 ) .
C r a b t r e e has pointed o u t t h a t t h e r e i s an analogy between t h e s e two binding modes f o r H2 and t h e a g o s t i c (C-H-M) and (C-M-H) forms h o w n in t h e c a s e of
C-H binding t o m e t a l conplexes ( r e f . 4 ) . In t h i s paper, w e wish t o review s e v e r a l novel r e a c t i o n s c a t a l y z e d by i r i d i u m pentahydride complex
IrH5 (1) based on t h e s e i n t e r e s t i n g chemistry.
REACTION OF IRIDIUM PENTAHYDRIDE COMPLEX WITH ALCOHOLS lsomerization of unsaturated alcohols
The isomerization of a l l y l i c a l c o h o l s c a t a l y z e d by t r a n s i t i o n metal conplexes y i e l d s , a f t e r t a u t o m e r i z a t i o n , an aldehyde o r ketone. Many c a t a l y s t s y s t e n s have been s t u d i e d f o r t h i s r e a c t i o n , which can b e regarded as an i n t r amolecular hydrogen t r a n s f e r r e a c t i o n (ref. 5,6). W e found t h a t complex 1 can smoothly c a t a l y z e t h e r e a c t i o n of transforming a l l y l i c secondary a l c o h o l s i n t o ketones ( r e f . 7 ) . The r e s u l t s a r e shown In T a b l e 1.
The p l a u s i b l e mechanism of t h e r e a c t i o n is a s follows. F i r s t , complex 1 l o s e s one molecule of hydrogen on h e a t i n g t o form t h e a c t i v e s p e c i e s 2 (ref. 
1.
Complex 2. c o o r d i n a t e s w i t h t h e o l e f i n t o form complex I t followed by o l e f i n i n s e r t i o n i n t o t h e I r -H bond t o form-4 and @-elimination t o y i e l d 5 and 2.
Compund 6 can t a u t m e r i z e t o form t h g s a t u r a t e d ketone. a: 0.01 mmol I r H ( i -P r 3 P j 2 and 5 mmol u n s a t u r a t e d a l c o h o l w e r e used.
-
Fran T a b l e 1, it is shown t h a t b e s i d e s t h e s a t u r a t e d ketone, s a t u r a t e d a l c o h o l s a r e a l s o formed. This may b e r e s u l t e d from t h e i n t e r m o l e c u l a r hydrogen t r a n s f e r r e a c t i o n . I t i s worth n o t i n g t h a t t h e p , y -o r y I 8-u n s a t u r a t e d a l c o h o l a l s o y i e l d s t h e s a t u r a t e d ketones i n high yield.
A mechanism of m u l t i s t e p isomerization of d o u b l e bond may b e suggested f o r t h e s e r e a c t i o n s .
Dehydrogenation of secondary alcohols in the absence of hydrogen acceptor
The r e a c t i o n of s a t u r a t e d a l c o h o l s w i t h 1 is d i f f e r a t from t h a t of t h e uns a t u r a t e d alcohols. From s a t u r a t e d a l c o h o l s , t h e d e h y d r o g a a t i o n r e a c t i o n occur under t h e c a t a l y s i s of 1 t o g i v e s a t u r a t e d ketones.
The c a t a l y t i c dehydrogenation of s a t u r a t e d canpounds i s more d i f f i c u l t than i t s r e v e r s e d reaction---hydrogenation of u n s a t u r a t e d compunds, since t h e thermodynamic f a c t o r f a v o u r s t h e s a t u r a t e d species. A number of c a t a l y t i c dehydrogenation of a l c o h o l s r e l y f o r t h e i r e f f e c t i v e n e s s on t h e c o n t i n u a l ranoval of h y d r o g a by a hydrogen a c c e p t o r o r on providing h i g h energy by photochemical method. The most widely s t u d i e d r e a c t i o n i s t h e dehydrogenation of secondary a l c o h o l s t o ketones using k e t o n e o r o l e f i n as t h e hydrogen acceptor. However, t h e homogeneous s y s t a n s c a p a b l e of c a t a l y z i n g dehydrogen a t i o n of a l c o h o l s without a hydrogen a c c e p t o r a r e r a r e . Homogeneous c a t al y t i c systems such a s Rh(III)-SnC12/HC1 ( r e f . 9 ) , Ru(0OCCF ) (CO) (PR ) / -CF COOH ( r e f . 10) and Rh2(0Ac)4/PR ( r e f , 1 1 ) have been fodn8 t o dehgdgogen a s e t h e secondary a l c o h o l s i n t o t i e ketones accompanied w i t h t h e evolut+on of hydrogen without an e x t e r n a l h y d r o g a a c c e p t o r , b u t t h e y do r e q u i r e H a s a h y d r i d e ion acceptor. In a d d i t i o n , conversion of primary a l c o h o l s t o esters i s achieved i n t h e presence of R u H~( P~~P )~ ( r e f . 1 2 ) . The r e a c t i o n i n v o l v e s two s t e p s : f i r s t , a l c o h o l is dehydrogenated t o aldehyde and then t h e r e a c t i o n product of aldehyde and a l c o h o l is dehydrogenated t o form t h e ester. The l a t t e r s t e p would make t h e r e a c t i o n thermodynamically favourable. On studying t h e r e a c t i o n of 1 w i t h s a t u r a t e d a l c o h o l s , w e found t h a t complex 1 can c a t al y z e t h e dehydrogenation of secondary a l c o h o l s t o ketones even in-the absence of a hydrogen a c c e p t o r ( r e f . 13).
The r e a c t i o n i s c a r r i e d o u t under mild c o n d i t i o n s . N e i t h e r e x t e r n a l hydrogen acceptor n o r H+ a s h y d r i d e ion a c c e p t o r is required. When s a t u r a t e d secondary a l c o h o l s and 1-2 mole% of 1 a r e r e f l u x e d in hexamethyldisiloxane under n i t r o g e n f o r 2 4 h , 90-100%of t h e s a t u r a t e d ketones a r e obtained accompanied with t h e evolution of hydrogen. The c a t a l y t i c turnover number reached 150 f o r t h e dehydrogenation of t h e cyclohexanol using 1 a s t h e c a t a l y s t . 
In c o n t r a s t t o t h e i n t r a m o l e c u l a r hydrogen t r a n s f e r r e a c t i o n of u n s a t u r a t e d a l c o h o l s promoted by 1 t o g i v e t h e s a t u r a t e d ketones ( r e f . 71 t h e s t e r o i d a l a l c o h o l s w i t h h i n d e r a d o u b l e bond a r e mainly dehydrogenated t o y i e l d t h e u n s a t u r a t e d ketones.
When cholest-5-en-301 ( 7 ) i s heated i n t h e presence of a hydrogen a c c e p t o r , 3 , 3 -d h e t h y l b u t e n e (8) ,-with 2 mol% of 1, 9 2 % of cholest-4-en-3-one (91 is i s o l a t e d and none of i s detected.
92 % However, when 1. and 2 mol% of 1 a r e h e a t e d i n t h e a b s e n c e of a hydrogen a c c e p t o r in h e x a m e t h y l d i s i l o x a n e in a s e a l e d t u b e a t 100°C f o r 30 h , 55% of 9 and 13% of cholestan-3-one (lo) a r e o b t a i n e d :
I f t h e above r e a c t i o n is c a r r i e d o u t under n i t r o g e n i n an open s y s t e n which would f a v o u r t h e e v o l u t i o n of hydrogen, 83% of 2 and 8 % of lo a r e formed even without a hydrogen a c c e p t o r ,
The p r e f e r e n t i a l formation of 9 t o lo i n d i c a t e s t h a t t h e dehydrogenation r e a c t i o n i s easier t o occur t h a n t h e hydrogen t r a n s f e r r e a c t i o n i n t h e s e cases. T h i s may b e d u e t o t h e p r e f e r e n t i a l c o o r d i n a t i o n of t h e oxygen atom of t h e hydroxy g r o u p t o t h e m e t a l c e n t e r t h a n t h e h i n d e r e d d o u b l e bond i n 1 , which r e s u l t s i n a f f o r d i n g t h e dehydrogenated p r o d u c t , whereas c h o l e s t -1 , 4 -dien-3-01 (11) s t i l l undergoes t h e hydrogen t r a n s f e r r e a c t i o n n o r m a l l y t r a n s f e r r e a c t i o n s a l s o occur and more s a t u r a t e d k e t o n e s lo and 1 7 a r e formed a s compared t o t h e h o m o a l l y l i c a l c o h o l s I and E. I n t h e z s e of I and 5, t h e dehydrogenation r e a c t i o n s e e n s t o b e f a s t e r t h a n t h e hydrogen t r a n s f e r r e a c t i o n because i n t h e s e cases, t h e c o o r d i n a t i o n of d o u b l e bond w i t h t h e m e t a l would b e r a t h e r d i f f i c u l t ( r e f . 1 4 ) . The d i f f e r e n t r e s u l t s o b t a i n e d e i t h e r from 7 and 1 4 as w e l l a s from 1 5 and 5 i m p l i e s t h a t t h e dehydrogenation r e a c t i o n m a y o c c u r b e f o r e t h e E o m e r i z a t i o n of t h e d o u b l e bond i n 1 o r 2. Otherwise, t h e same i n t e r m e d i a t e formed i n t h e s e r e a c t i o n s would g i v e t h e same r a t i o of products. 
t o g i v e t h e k e t o n e 2 owing t o t h e f a c i l i t y of t h e c o o r d i n a t i o n of d o u b l e bond a t t h e 1 -p o s i t i o n t o t h e m e t a l

c cycle. From t h e m e c h a n i s t i c p o i n t of view, t h i s may b e t h e . m a i n d i f f e r e n c e between t h i s new dehydrogenation r e a c t i o n u s i n g p o l y h y d r i d e s y s t e n and t h e dehydrogenation of a l c o h o l i n t h e p r e s e n c e of h y d r i d e acceptor. The mechanism of t h e dehydrog e n a t i o n of t h e a l c o h o l s c a t a l y z e d by 1 i s proposed as f o l l o w s :
I r H 5L2 IrH3L2
For s a t u r a t e d a l c o h o l s and u n s a t u r a t e d a l c o h o l s w i t h a hindered d o u b l e bond, t h e o x i d a t i v e a d d i t i o n of hydroxy g r o u p w i t h 1 t o form 19 i s p r e f e r a b l e t o t h e c o o r d i n a t i o n of t h e d o u b l e bond w i t h t h e metal c e n t e r . A f t e r hydrogen e v o l u t i o n and P-hydrogen a b s t r a c t i o n , 2 and k e t o n e a r e formed t o complete t h e c a t a l y t i c c y c l e .
The c a t a l y t i c dehydrogenation of a l c o h o l s in t h e a b s e n c e of a hydrogen a c c e p t o r is n o t o n l y u s e f u l in o r g a n i c s y n t h e s i s owing t o i t s s i m p l i c i t y and convenience, b u t a l s o v e r y important i n t h e f u t u r e . T h i s r e a c t i o n can b e regarded a s t h e c a t a l y t i c production of hydrogen from a l c o h o l s which h a s been t h e s u b j e c t of s u b s t a n t i a l r e s e a r c h i n t e r e s t in r e c e n t y e a r s s i n c e it o f f e r s a means of o b t a i n i n g a u s e f u l f u e l from i n d u s t r i a l waste a l c o h o l ,
o r of producing hydrogen from biomass-derived m a t e r i a l s ( r e f . 17).
REACTION OF IRIDIUM PENTAHYDRIDE COMPLEX WITH C-H BOND
Alkane a c t i v a t i o n i s an a r e a of g r e a t c u r r e n t i n t e r e s t ( r e f . 1 8 ) ; s e l e c t i v e c a t a l y t i c f u n c t i o n a l i z a t i o n of a l k a n e s i s o n e i m p r t a n t g o a l in t h i s a r e a ( r e f .
39.l. C o n s i d e r a b l e a t t e n t i o n h a s been i n c r e a s i n g l y devoted t o t h e s t u d y of c h e m i s t r y s u b s e c p m t t o t h e a c t i v a t i o n of carbon-hydrogen bond ( r e f . 2 0 , 2 1 ) . The f a t e of an a l k y l metal h y d r i d e complex r e s u l t i n g from t h e o x i d a t i v e a d d i t i o n of carbon-hydrogen bond t o t r a n s i t i o n metal complexes i n v o l v e s , i n p r i n c i p l e , t h r e e p o s s i b l e pathways: ( 1 ) t h e r e d u c t i v e eliminat i o n of t h e a l k y l m e t a l h y d r i d e , ( 2 ) t h e p-hydrogen e l i m i n a t i o n of t h e a l k y l group and ( 3 ) t h e i n s e r t i o n of an o l e f i n o r o t h e r small molecules. The f i r s t pathway is t h e r e v e r s e process of t h e o x i d a t i v e a d d i t i o n of t h e
carbon-hydrogen bond. The conversion of a l k a n e s i n t o a l k e n e s by C r a b t r e e ( r e f . 2 2 ) and F e l k i n ( r e f . 23) r e p r e s e n t s t h e s u c c e s s of t h e second route.
Felkin et al. ( r e f . 2 4 ) r e c e n t l y r e p o r t e d t h a t t h e s e l e c t i v e c a t a l y t i c conv e r s i o n of methylcyclohexane i n t o methylenecyclohexane h a s been e f f e c t e d
using complex 1 as t h e c a t a l y s t and an o l e f i n 8 as t h e hydrogen acceptor. This c a t a l y t i c -s e l e c t i v e r e a c t i o n , which has been proved p r e f e r e n t i a l l y t o a t t a c k t h e methyl group i n s a t u r a t e d hydrocarbons, might have some u s e f u l a p p l i c a t i o n s in t h e s e l e c t i v e f u n c t i o n a l i z a t i o n of methyl group i n s p e c i a l o r g a n i c compounds.
Selective conversion of pinana into p-pinene
A s an example of t h e a F p l i c a t i o n of F e l k i n ' s work ( r e f . 2 4 ) , t h e s e l e c t i v e c a t a l y t i c conversion of pinane ( 2 0 The dehydrogenation of pinane i s r a p i d and almost completed w i t h i n o n e hour under t h e above condition. A t t h e i n i t i a l 10 m i n . , 4. 0 m o l % of p p i n e n e and 0.1 mol% of a-pinene compared t o pinane were formed ( 8 . 5 c a t a l y t i c t u r n o v e r s ) with high r e g i o s e l e c t i v i t y of p-pinene(>95%). A f t e r 1 h , t h e m i x t u r e of prod u c t s formed contained 5.2 mole% of p-pinene (12.0 c a t a l y t i c t u r n o v e r s ) and 0.6 mol% of U-pinene. The l a t t e r was formed from t h e i s o m e r i z a t i o n of g-pinene i n t h e same c a t a l y t i c s y s t e n and proved by a c o n t r o l experiment. N o r i n gopened product was d e t e c t e d , even though t h e r e a c t i o n w a s c a r r i e d o u t in t h e presence of a m a l l amount of acid.
I t is suggested t h a t t h e c a t a l y t i c dehydrogenation may proceed through t h e mechanism proposed by F e l k i n ( r e f . 8 ) in which t h e key s t e p i n v o l v e s t h e i n s e r t i o n of a l i g a n d -d e f i c i e n t i n t e r m e d i a t e i n t o a C-H bond of methyl group of pinane. Radical and c a r b o c a t i o n i c i n t e r m e d i a t e s are excluded because n e i t h e r r e h g opened product n o r Wagner-Meerwein rearrangement product i s d e t ect ed.
The dehydrogenation of pinane could a l s o c a r r i e d o u t in s u i t a b l e s o l v e n t s l i k e hexamethyldisiloxane t o g i v e t h e a-pinene w i t h lower conversion (2-3 t u r n o v e r s ) . Unlike t h e i r i d i u m s y s t e n , t h e selective conversion t o p-pinene i s n o t e f f e c t e d by o t h e r t r a n s i t i o n m e t a l systems. Nearly no r e a c t i o n t a k e s p l a c e using RhH (Ph3P) 4 , ReH7 (Ph3P)
To our knowledge, t h e conversion of pinane t o p-pinene by s o l u b l e t r a n s i t i o n m e t a l c a t a l y s t is t h e f i r s t t r i a l t o o b t a i n t h e u s e f u l o r g a n i c compounds by t h e a c t i v a t i o n and f u n c t i o n a l i z a t i o n of a s a t u r a t e d hydrocarbon. Although t h e number of c a t a l y t i c turnover is n o t l a r g e enough, t h e r e a c t i o n does show t h e p o t e n t i a l i t y of t h e a p p l i c a t i o n of t h e a c t i v a t i o n and f u n c t i o n a l i z a t i o n of t h e C-H bond i n s a t u r a t e d hydrocarbons in t h e f u t u r e .
and as t h e c a t a l y s t .
Formation of C-C bond by C-H bond activation followed by olefin insertion
On studying t h e s u b s t i t u e n t e f f e c t of t h e dehydrogenation r e a c t i o n of t h e s u b s t i t u t e d methylcyclohexanes , w e observed t h e complex 1 c a t a l y z e d carboncarbon bond f o n t i o n by f i r s t carbon-hydrogen bond a c t i v g t i o n followed by o l e f i n i n s e r t i o n j n t o t h e c a r b o n -m e t a l bond ( r e f . 2 6 ) , which may b e regarded a s t h e thi'rd r o u t e of t h e r e a c t i o n pathway of an a l k y l m e t a l h y d r i d e complex formed from t h e a c t i v a t i o n of carbon-hydrogen bond, W h m 1 cO.035 m o l l was heated w i t h methyl e t h e r s (232(9.63 m o l ) a t 5OoC i n t h e pFesence of S ( 7 . 7 6 m o l l , t h e products 2 4 , 25 z d 2 a r e o b t a i n e d a s
shown below:
Heating t h e r e a c t i o n m i x t u r e f o r 3 0 m i n . , t h e m i x t u r e of o l e f i n s formed from -23a and S c o n t a i n s *-olefin *(31%) , t r a n s -o l e f i n 2 5 a ( 5 4 % ) and t r a n so l e f i n = ( 1 5 % ) in t u r n o v e r number of 7. A f t e r 2 4 h , the maximum t u r n o v e r number r e a c h e s 1 2 , and t h e f i n a l c o n s t i t u t i o n of t h e products i s 24a 45%, -25a 4 4 % and 26a 1 1 % . The t u r n o v e r numbers of t h e products from 23b and 23c
a r e n e a r l y thesame w i t h t h a t of 23a. The product a n a l y s i s d i s c x e d t h e p r e f e r e n t i a l i n s e r t i o n of 1 on C -H o n d s of t h e methoxy g r o u p over o t h e r C-H bonds.
The mechanism of t h e c a t a l y t i c dehydrogenation of a l k a n e u s i n g t r a n s i t i o n metal p l y h y d r i d e has been suggested by F e l k i n ( r e f . 8 ) t o proceed through t h e h i g h l y u n s a t u r a t e d f o u r t e e n -e l e c t r o n s p e c i e s , a f t e r o In c a s e of l a c k i n g a p-hydrogen atom, t h e s i x t e e n e l e c t r o n s p e c i e s 28 formed by t h e o x i d a t i v e a d d i t i o n of carbon-hydrogen bond ,can f u r t h e r c o o r d E a t e w i t h t h e o l e f i n S t o y i e l d 29. Then, t h e i n s e r t i o n of t h e o l e f i n i n t o t h e carbonm e t a l bond followed by t h e p-hydrogen e l i m i n a t i o n of 30 l e a d s t o t h e formation of t h e t r a n s -o l e f i n g. The m i g r a t i o n of t h e d o u b l e bond and c i s / t r a n s i s om e r i z a t G f a l k e n e occur in t h e same c a t a l y t i c s y s t m . T h u s , A i s a p i d l y isomerized t o t h e en01 e t h e r s 24 and 25, and o n l y about 1 0 % o r a v e r y s m a l l amount of o l e f i n 2 6 r e n a i n s unchanged. With r e g a r d t o t h e r e g i o s e l e c t i v i t y of t h e o l e f i n i n s e r t i o n , it i s found t h a t t h e ROCH2 g r o u p adds e x c l u s i v e l y t o t h e least s u b s t i t u t e d carbon atcnn of Che d o u b l e bond. N e i t h e r t e r m i n a l o l e f i n n o r i t s i s o m e r i c product was d e t e c t e d .
To t h e b e s t of o u r knowledge, t h i s s e a s t o b e t h e f i r s t example of t h e i n s e r t i o n of an olefin intq c a r b o n -m e t a l bond formed i n s i t u by t h e i n t e rm o l e c u l a r a c t i v a t i o n of s p carbon-hydrogen bond.
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